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METHOD AND APPARATUS FOR REOUCIN( 8 METAL-OXYGEN COMPOUNDS 

The present Invention relates to a method tor reducing metakucygen compounds 
with carbon as an agent for reducing the metakxygen compounds. The invention diso 
relates to an apparatus for reducing metal-oxyge i compounds with carbon as an agent 
for reducing the metal-o)g^gen compounds. 

ReducHon of metaKoxygen compounds, such as metal-ojddes. for instance Iron 
oxides, has been performed In large-scale reduct on furnaces. For the reduction of Iron- 
oxygen compounds, the blast fiimace has been t le workhoree for the production of pig 
iron from iron ore for over a cenfuiy. The primary reductant and source of chemical 
eneigy In these blast furnaces te coice. Coke is pre duoed by baking coal in the absence of 
oxygen in order to remove the volatile hydrocar >ons and to give the coke the crttteaT 
properties for stable blast furnace operation. 

Coke making is problematic from an envir wimental perspective as many of the 
volatile hydrocarbons are hazardous. Also not s\l types of coal are suitable for coke 
making. IMoreover, demand has decreased for the jy-producls of coke maldng. 

Therefore, decreasing the coke rate and thu over-ail fUel rate of the blast fomace 
has been a m^or focus of recent devetopments. / Iso new technologies to circunwent the 
blast furnace process, such as direct reduction of i on ore, have been developed. 

Direct reduction involves the production of iron by reduction of iron ore with a 
reducing agent, which can be a solid reducing ag snt. or a gaseous reducing agent TT»6 
solid reducing agents may be coal of any size, instead of coke. Examples of gaseous 
reducing agents are natural gas and carbon monoxide. Ores for direct reduction have to 
meet stringent speclficatons with high percentage of Fe and low content of unwanted 
elemente. 

Direct reduction of iron ore nnay produce a solid directHeduced Iron product or. at 
Ngh operating temperatures or in combination wfth a smelting device, a liquid piwiuct. 

The product of a direct reduction process ct uld be discharged in a second reactbr 
for melting and optional further refining, or cooled s ind stored forlater use. 

At present, dust and sludge fl-om an inte jrated steelworks is re<^d as raw 
material in the ore preparation stage. These wests materials, often refened to as llnetf. 
may contain iron-containing compounds such as irornsxides. However, due to the high 
conlent of metals such as zinc In these fines, the s ccumulation of such elements, and the 
limitations of the amount of these melals for chai ging into a blast furnace, these waste 
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)aseci on the direct reaction of coal and 



the use of ooal, a further disadvantage 
monoxide, hydrogen and conriptex and 

hydrocarbons must be avoided which 
{lasses while re-oxidatlon of the metal 



materials have often to be recycled In an other w^y or disposed of, resulting in additional 
costs or burdening of the environment 

A known process for reduction of iron ore is 
tump Iron ore or pellets in a rotary kiln. Another krjown process is based on the reduction 
of composite pellets containing iron oxide and carbon from for e>cample coal, coke or 
charcoal in a rotaiy hearth furnace. The off-gasses from the reduction reaction can be 
post combusted in the ftimaoe to provide a porticn of the heat required for the process. 
Another known process involves direct reduction ol 

A msyor disadvantage of these known redu^on processes is that they operate at 
high temperatures. For example, the rotary heart i process operates at temperatures of 
about 1250 ^C. If these processes are based upor 
Is the development of large volumes of carbon 
hazardous hydrocarbons. Condensation of these 
requires removal or post-combustion of the off 
must be prevented. Also, because of the high operating temperatures and consequent 
heat losses, and the generation of laige amomts of carbon monoxide, the energy 
efficiency of the direct reduction processes is geierally poor resulting In a high carbon 
consumption rate. The high operating tempera ures also result In the formation of 
^gnificant amounts of harmful nitrogen-oxygen 
direct reduction technologies based on the use of 
sulphur because of the presence of sulphur in the 
It is an object of the invention to provide a 
metal-oxygen compounds which operates at relativjely low temperatures 

It is a further object of this invention to pro\ride a method and an apparatus for 
reducing metai-ox^en compounds produdng towe r volumes of hazardous off gases such 
as for example hydrocarbons and/or NOx-^ases. 

It Is also an object of the invention to prdvlde a method and an apparatus for 
redudng metal^oxygen compounds, which results 
unit of weight of reduced metal. 

It ^ also an object of the Invention to prc^vide a metfiod and an apparatus for 
reducing metal-oxygen compounds, which has 
provides a product with a low sulphur content 



ompounds (NOx-gases). Furthermore, 
coal have to deal with higher levels of 
<boal. 

nethod and an apparatus for reducirig 



in' an increased carbon efficiency per 



an improved energy efficient and 
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method is provided for reducing metaf- 
reducing agent In a reduction reaction 
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It is a further object of the invention to provide a method and an apparatus fbr 
reducing a mixture of different meta^oxygen comp aunds, which results in a metal alloy. 

To achieve one ore more of these objects a 
oxygen compounds in which carbon is used as a 

for reducing the metal-oxygen compounds wherein a first metal is used to aid the 
reduction reaction. This first metal acts as a catalyi >t. 

It was surprisingly found (hat an addition of a first metal greatly enhances the 
reduction nite of the metal-oxygen In which caibon is used as a reducing agent for 
reducing the metal-oxygen compounds. It was alio found that this reduction takes place 
at significantly lowar temperatures in comparison 
processes. For examfde, the (o^own types for 
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to the known fypea of direct redudklon 
reduction of rrcn-aj^gen compounds 
employ operating temperatures of over 950 'C. ifhe lower operating tempenatura of the 
process according to the invention will also rest It in lower output of hannful nitrogerv- 
oxygen compounds as well as In a reduced heat loss of the installations. 

It Is remarked that in known reduction prscesses, like the reduction process of 
iron-oxygen compounds In an Iron producing b ast ftjmace, the metal formed in the 
reduction process, does not aid the reduction reaction because it does not act as a 
catalyst This is beUeved to be caused by the fa< t that In such known processes and In 
such a blast fUmace. the process conditfons for thfe catalytie efl^ of the fbmied metal on 
the reduction reaction for reducing the Iron-oxygen compounds are not fulfilled. 

In an embodiment of the invention, at least part of the firet metal Is fomied from an 
Intennediate compound taken from the group of compounds consisting of metalcarbides. 
metalhydrides and metalnftrldes wherein the metal In the compound is the first metal, and 
wherein the compound optionally comprises oxygen. This intennediate compound may be 



intemrtedlate compound such as a 



added to the metal-oxygen compounds. The 

metalcarbide enables forming of the first metal tha eby aiding the reduction reaction of the 
metatocygen compounds. Other Intennediafe coir pounds are for example metaihydrtdes, 
metalnitrides or mixtures of melatearbkles and/or metalhydrkles and/or metalnitrides! 
Another example of an Intennediate compound i metalcarbonyl. whteh may dissociate 
Into a metal and carbon monoxide. Metalcarbonyl 
used In a bulk metal production process. 

The advantage of an intennediate compouijd is that the first metat which is fonned 
upon decomposiUon of the Intennediate compouni» Is finely distn-buted thereby enabling 
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to did the reduction reacSon effectively. The irst metal may be fomied from the 
Intemtedlate compound Cinfimedlately) prior to it e reducHon reaction for reducing the 
metal-oxygen compounds. In case the Intemnedia e compound Is a metalcarbide wherein 
the metal Is the first metal, the first metal and the carbon, both become finely distributed 
upon decomposition of the intenfnedlate compound, thereby enabling the first metal to aid 
the reduction reaction effectively and the cari^cn to act a$ a rtsducing agent in the 
reduction reaction effectively. 

In an embodlm^ of the Invention the carbon, which is used as a nsduoing agent for 
reducing the metai-oxygen compounds, is amorphous carbon and/or crystalline carbon, 
preferably graphite, because the reaction rate of the reduction reaction is considerably 
Incre^ed. CrystaiDne carioon, or graphite in parti(^u(ar, proved to be a preferred form of 
carison. In an embodiment of the invention, carbon is In the fomn of powder which 
achieves the effect of increasing the number of cc ntact points between reactants thereby 
also enhancing the reduction reaction rate. The fin it metal for the reduction reaction of the 
metal-oxygen compounds can be added to the mettal-oxygen compounds at any stage Of 
tiie proems provided the first metal is at least pi esent aft the time the reduction of the 
metai<^xygen compounds should occur. 

In a preferred embodiment of the invention for redudng metal-oxygen compounds. 
In which carbon is used as a reducing agent fbr i educing the metal-oxygen compounds. 
cdrt)on monoxide is brought into contact with tie metal-oxygen compounds and the 
carbon and carbon diodde are formed by the Boudouard reaction from the carbon 
mono)dde vwth the aid of a second metaL The caripon is referred to as Boudouard-carbon 



carbon monoxide may be substantially 
a gaseous mbdure comprising carbon 



and has the crystalline structure of graphite. The 
pure carbon monoxide, but it may also be part oi 
monoxide. During start-up of the process of redudng the metal-<»cygen compounds, but 
also during the process of redudng the metal-oxy gen compounds, compounds similar to 
Boudouard-carbon and in a suitable form, such as 
metat-o)Qfgen compounds to serve as the reducinj 

of the metal-o^gen compounds. The second mepi performs tiie role associated wHh a 
catalyst 

The Boudouard-carbon is generated by di^ociation of cart>on-monoxide by the 
Boudouard reaction: 

2CO^C + C02 (1) 



graphite powder, may be added to the 
agent for at least part of the reduction 
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Surprisingly, It was found that this Boudouani cart on. whicsh ha$ a graphite structure, is a 
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etal, very effectively reduces the metal- 
the first metal and the metal-oxyd^m 

metal not only aids the reduction of the 
seneficial effect on the foirmatfon of the 
he first metal may be added to the 



reducing agent which. In combination with a first m 
oxygen compounds when the Boudouard-carbon 
compound are brought into contact. 

Surprisingly it was also found that the first 
metal-oxygen compounds, but ft may also have a 
Boudouard*carbon by the Boudouard reaction, 
process but some of It may also be formed by the reduction of the metal-oxygen 
compounds already oocum'ng at the tower tempers tur© at which the Boudouard reaction is 
petfbimed. 

In an embodiment of the invention, in tie ledudfon reaction for reducing the 
metal-oxygen compounds the oxygen of the metd^HJxygen compounds is mainly bound to 
the carbon which is fomied ftx)m the carbon monc xide by the Boudouard reaction. When 
using carbon as the primary reducing agent, he process can be operated at low 
temperatures. This is the case when coal is used as the primary source of carbon. If 
however natural gas would be chosen as the pritiary source of carbon, the amount of 
hydrogen which is generated ttam the cracking yf the natural gas (usuaUy comprising 
large amounts of hydrocarbons such as methane) would adversely affect the operating 
conditions thereby reducing the advantages, partic ularly the efiiclent use of fossil fbel and 
the relatively low operating temperatures, to be oittained by the method according to the 
invention. 

Small amounts of hydrogen are known to promote the fbnnation of Boudouani- 
carbon and carbon dioxide from carbon monoxide by the Boudouani reaction. In ease of 
using pure carbon monoxide, small amounts of Fydrogen may be added to the carbon 
monoxWe. PrefSaiBbly. the amount of hydrogen is i»elow 8 vol.%, more preferably below 8 
vol,%. The liydrogen does not play a significant rc le in the reduction of the metaJ-oxygen 
compounds due to the chosen operating coiditions. Reduction of metal-oxygen 
compounds by hydrogen takes place at significanti f higher temperatures, thereby undoing 
the advantages of the method according to the inv< sntton. 

In another embodiment of the invention more than 50%, preferably mor« than 
70%, more preferably more than 80%, even more preferably more than 90% of the 
oxygen of the metai-^oxygen compounds is bo ind to the Boudouarxl-carbon in the 
reduction reaction for reducing the metal-oxygin compounds. In case the gaseous 
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mbdure comprising carbon monoxide is produce d for instance by gasifying coal, the 
gaseous mbdure may also comprise small amount > of hydrogen. 

It is possible to add compounds similar to B<»udouard-carbon and in a suitable form 
Into the process, or compounds which generate Boudouard-carbon such as 
metalcarbides» for instance during start-up. If this is the case, the Boudouard carbon in 
the abovementioned embodiments consists of the Boudouard carbon formed from the 
carbon-mono)dde and/or the added carbon similar to Boudouard-carbon and in a suitable 
form and/or the carbon originating firom the metalcirisides. Since the gaseous reaction 
products of the process aocording to the invention comprise a high level of carbon^liodde 
gas in comparison to the off-gases of ttie convent! ^nal pnacesses, the caribon is efRciently 
used, thereby also redudng the amount of used ' bssit lueL The amount of carbon used 
per unit of w^ght of reduced metal is consequent y lower In the process according to the 
invention. 

Also, since Boudouard carbon from carbon rnono)dde instead of carbon in the form 
of coal Is used as the reducfion agent in the proems, the gaseous reaction products of 
the pnacess aocording to the invention do not contain the coal-related hazardous 
hydrocarbons. The sulphur content of tte reacting solids is not affected rf the gaseous 
mixture comprii^ng the carborwnonoxide does nofl comprise sulphur-compounds. In case 
the gaseous mMure comprising the carbon-mor oadde comprises hydrocarbons and/or 
sulphur-impounds, the gaseous reaction products of the process according to the 
invention will contain a lower content of these hy<irocarbons and/or sulphur-compounds, 
because at least part of the heavy fraction of the hydrocarbons will have been craclced 
and/or used during the process. The sulphur-compounds may be neutralised for Instance 
by a known calcium treatment into calcium-sulphur compounds such as CaS which oan 
be separated from the metallic part for instance in i cyclone. 

In a further embodiment of the invention th€ first metal Is the same as the second 
metal» thereby Introducing to as low an amount as xssslble other metals to the products of 
the reduction reaction for reducing the metal-cixygen compounds. In sfill a further 
embodiment of ttie invention the first and/or secon d metal Is the same as the metal in the 
metal-oxygen compounds. When producing a sim |Ie metal material the amount of other 
elements Is to be kept as low as possible to prsivent contamination with other metals. 
When producing an alloy, it may be advantageous to use one or more metals as a first 
and/or second metal that are different from the me al in the metal-oxygen compound. 
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In a preferred embodiment of the rnventfou the reduction reaction of the metal 
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ous process. In a ftirther preferred 
e to the mixture of the metaHi^vgen 



oxygen compounds is perfomned in a contlni 
embodiment the carbon monoxide moves relativ 
compounds, the reducing agent for the reduction c f the metal-oxygen compourids and the 
first and/or second metal. In a further preferred embodiment, the metaN>Xj^en 
compounds are transported In one direction and the carbon monoxide is ti^nspbrted in 
ahother dirBction. In a further preferred embodinrent the metal-oxygen compounds and 
the carbon monoxide are tran^rted in counter llow. Also, at least part of the gaseous 
reaction products may be reintroduced into the process, thereby reducing the amount of 
fiesh cafbon monoxide that is to be added. Moniover. at least part of the substanf^Ry 
solid product of the reduction reaction of tho metaf-oxygen compounds may be 
reintroduced into the process as a first and/or se»nd metal for the reduction reactions, 
thereby reducing the amount of fresh first and/or si jcond metal that Is to be added. 

For reasons of reaction kinetics the operatin£ temperature in the first reaction region 
where the Boudouard reaction is performed is preferably below 650 'C. preferably 
between 300 and 600 "C and more preferably be tween 450 and 550 *a In a preferred 
embodiment of the invention the metal-oxygen compounds comprise Iron-oxygen 
compounds such as Iron oxkle and/or iron hydrox de and/or iron-carbonate. Also the first 
and^or second metal may comprise Iron thereby limiting the amount of non-iron metals In 
the resulting product of the reduction reaction of the iion-oxygen compounds. Forreaaons 
of reaction Idnetics the operating temperature in t ie reaction region where the reduction 
of the metal-oxygen compounds is performed is preferably befween 550 and 900 
preferably between 650 and 850 'C, and more prsferably between 700 and 776 *C. The 
process according to the invention as described tiereinabove is performed essentially at 
atmospheric pressures. It is obvious for the sldU sd person that performing the method 
according to the invention at non-atmospheric f ressures will shift the balance of the 
reactions. The invention also encompasses perfbr ning the method at sub atmospheric or 
super atmospheric pressures, and it also encompa sees using the method according to the 
invention in such a way that the Boudouard react on occure at a different pressure than 
the reduction of the metal-oxygen compounds. 

It should be noted that due to the nature > of the Boudouard reaction and the 
reduction of the metal-oxygen compounds in tern is of Idnefics there may be an overiap 
between the reaction region where the carbon is fc rmed from the carbon monoxide by the 
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Boudouard reaction on the one hand and the reac ion region whi^e the reducfion reaction 
of the metal-oxygen compounds te perfbmried ma nly occurs on the other hand» because 
some Boudouard carbon may still be formed In tlie reaction region where the reduction 
reaction of the metal-oxygen compounds is pe fonrted and/or because some metal- 
ox/gen compounds may at least partly already h^ve been reduced in the reaction region 
where the Boudouard reaction is performed, there >y providing at least part of a first metal 
for the reduction reaction. 

Since the number of contact polrds between the reducing agent> the first metal and 
the metal-oxygen compound determines the kiretics of the reduction process of the 
melal-o)Qfgen compound by the process accordirg to ftie invention, ft i$ preferable that 
the metal-oxygen compound or ttie metal-oxygen xsmpound and the first metal are in the 
form of a powder. The grain size of these powders should preferably be below 1 mm, but 
more preferably be 100 |jm or lower. These povrders or mixtures thereof may be pre- 
treated to form conglomerates such as pellets or sinter, which have a sufficient porosity 
for the carbon monoxide to access the metal-oxygen compound or the first metal and the 
metal-oxygen compound in the conglomerate. Although the process according to the 
invention already woite when small amounts of a first metal are present, ft has been 
found that the amount of first metal should prsfembly be higher than 1% in weight of the 
metal-oxygen compounds, more prsterabty be higi than 5% in w^ght and preferably be 
about 10% in weight at the b^lnnlng of ttte pha& » in the process where the reduction of 
the metal-oxygen compounds is performed. 

The invention also relates to a method wher&in the reduction reaction is performed 
in a shaft flimace, such as a blast furnace. The i ivention is also emt>odied in a method 
wherein the metal-oxygen compounds comprise iron-oxygen-compounds and wherein the 
reduction reaction of tiie iron«oxygen compounds i i performed in a shaft furnace, such as 
a blast furnace, to produce iron. It was found that i 
the invention In the conventional blast furnace process involving the addition of iron as a 
firet metal for the reduction reaction of iron ore n^ults in a disproportionate increase of 
molten iron. For instance the addition of ttie iron s s a first metal» for example In tfie fomn 
of a powder, to Iron ore to form a mixture to prodi ce conventional pellets therefrom, may 
supply the mbdure of irorM))vgen compounds anril Iron as a first metal which enter the 
blast furnace process. During the course of the bl^ist fumace process the pellets descend 
into the fumace and at the proper temperature th h first generation of Boudouard carbon 
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wUl start usang the carbon monoxicle gas which eve >h/as from th^ burning coke In the lower 
regions of the blast fumaoe. The carbon monoxid » gas is reduced to carbon dioidde gas 
and Boudouard carbon. 

It Should be noted that as a result of the higK temperature in the conventional blast 
furnace process to produce pig iron from irjn-oxtdes. the Boudouarc^equilibrium 
(equation (1)) Is shifted to the side where carbor nmonoxide Is fonned from carbon and 
carbon-dioxide which was fomied fronrv cokes and ox/gen that is blown In at the bottom of 
the blast fkimace. No Boudouard-carbon is thenifore fbrnied In the conventional blast 
fiirnace process at the location In the blast ftjmacE whena the reduction of the Iron-oxygen 
compounds is taking place. 

in the process accordihg to the invention rhe Boudouani carbon is beReved to 
predpitate on the mbrture of iron-oxygen compojnd and Iron as a first metal and the 
combined materials descend further into the blast furnace. At the proper temperature the 
reduction of the iron-oxygen compounds will start, thereby reducing the Iron-oxygen 
compound to iron. Ultimately, after descending eve n further into the blastfurnace, the Iron 
wn melt and be ready for tapping from the blast ft imace by known methods. It Is obvious 
that the method acconf ing to the invention also works when the iron ore and the first 
metal, which may be Iron, are added to the proos as In the fbmi of a sintered product or 
any other congtomerata wHti a laige contact areti between the lrorH>re, the Hret metal, 
and the carbon monoxide. As a result of the Inven ion, the carbon-monoxide output of the 
biast-fumace process wni be reduced due to the n ore efficient use of the carbon ftom the 
coke, and the output of molten iron from the blust fumacs per tim© unit vM increase 
disproportionally with regard to the added Iron raitaiyst. In other words, the amount of 
molten Iron per tme unit than can be tapped from the fumac© after the addition of x% of 
Iron as a fTrst metal per time unit to the iron-ore wi 1 result in more than 100+x% of molten 
iron per time unit which can be tapped, thereby iiiaking a mora efficient use of the blast 
furnace by increasing the amount of newly form« d iron from the Iron-oie per time unit 
Obviously, the usage of iror>ora per time unit haslo be increased oonespondlngly. 

Comparable appHcation of the method anc comparable increases In prodUcthrffy 
may be achieved in any conventional direct redud ion facIIRy where metal ore. which may 



for example be sintered or be in the form of 
conventionally comprise at least one furnace wh 
compounds takes place wherein the furnace are 



pellets, Is processed. These fadKties 
STB the reduction of the metal-o}^en 
For instance chosen from the group^ of 
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kiln furnace, a cyclone furnace, or a 
reduced metal. The invention is further 



for reducing metal-oxygen compounds 
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ftirnaces oomprtsing rotary hearth furnaces, rotar^ Win furnaces, shaft furnaces, cyclone 
fUmaces, continuous batch-type furnaces. The invention is therefore also embodied in a 
method wherein the reducBon reaction of the metul-oxygen compounds is performed in a 
fluidised bed, a rotary hearth furnace, a rotary 
continuous batch-lype furnace, to produce directly 
also embodied in a method wherein the metal-oxygen compounds comprise iron-oxygen- 
compounds and in that the reduction process of th e fron-oxygen compounds is perfomied 
in a fluidised bed. a rotary hearth furnace, a rota y kiln furnace, a cyclone ftimace, or a 
continuous batch*type furnace. 

The Im/ention is also embodied In a method 
to produce a substantially solid material oomprisonn a metallic part and a non-metallic part 
wherein the substantially solid material Is treated tu separate the metallic part from a non- 
metallic part such as gangue or slag. This s^arat on step may be performed for instance 
in a cyclone. 

The invention is also embodied in a method > therein the metallic part ts compressed 
to reduce its porosity. The metallic part may also be rolled to form a slab, billet, bloom, 
rod. secQon or strip. This method enables omiting a step in the produ(£on process 
starting from ore and ending with slab, thereby significantly reducing costs and energy 
consumption. TTie metallic part may also be extru ied to form a profile, sectton or rod. or 
be fbmied into a near net shape product. These products will require no, or only limited 
final processing. 

The metallic part may also be used as fee i matertai In a smelting operation, for 
Instance using an Electric Arc Furnace or, in case of iron, as feed material in a 
steelmakfng process at least as a partial replacement of scrap in for instance a Basic 
Oxygen Steetmaiong process or a Siemens Martin Steetmaking process. 

K should be noted that the invention also re ates to a method wherein the metal In 
the metal-oxygen oompound(s) is copper, oobatt, nictel, ruthenium, rhodium, palladium, 
platinum or Iridium. It should be noted that for some metals more than one metal-o)vgen 
compound exists. e.g. oopper-oxide and copper-h\droxlde. The invention also relates to a 
method vvherein the metal-oxygen compounds cor iprises a mixture of at least two metal- 
oxygen compounds, wherein the metals in the met^^oxygen compounds aredifierent artd 
wherein the metals comprise Iron, Copper, C;obalt, Nickel, Ruthenium, Rhodium, 
Palladium, Platinum or Iridium, thereby producing 



a reduced product comprising at least 
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two different metals. The advantagd of this emboc imertt is that an alloy may b© produced 
directly. The first metal or first metals may also be jiflferent flrom the metal or metals In the 
metal-oxygen compound. 

A gaseous ifiixtuie compnsing the carbon-mi )noxid©, from which the carbon is to be 
fbrnied by the Boudouard reaction, may be prod jced by treating in a standard gasifier 
according to a known process at least one carter -containing compound which is chosen 
from a group of cari>orv-oontaining compounds comprisfng cokes, coal, crfiarcoal, oil, 
plasHcs, natural gas, paper, biomass. tar sands, strongly polluted carbon-containing 
energy sources. LIndeslred elements like for Insis nee sulphur may be removed from ffie 
gaseous mixture by an appropriate pre-treatment and/or post-treatment The standard 
gasifier may be equipped with means to control the output of hazardous or unwanted by^^ 
products, which result from the gasiflcaton of the c arbon-containir^ compound. 

The invention also relates to an apparatus fcr reducing metsl-oxygen compounds In 
a reduction reaction as described hereinabove characterised in that ft comprises a 
reactor, an inlet for the metal-o;^gen compounds and optionaHy the first and/or second 
metal, an fnlel for a gaseous mixture comprising carbon-monoxide, optional heating or 
cooling means to heat or cool the different parts c f the reactor, an outlet for the gaseous 
reaction products and an outlet fbr the substanlally solid material resulting from the 
rectuction of the m^l-o)Q^en compounds. 

In a further embodiment of the invention a re actor is used comprising a first ruction 
region and a second reaction region. In the first reacfion region, nearer to the rnlet for the 
metai-Qxygen compounds, carbon is formed from ihe c^on monojdde by the Boudouard 
reaction as a result of the choice of operating sarameters such as temperature and 
pressure, and in the second reacHon region, nean^r to the outlet of the substantially solid 
material resulting iirom the reduction of the metako^gen compounds, the metal-oxygen 
compounds are reduced as a result of the chcioe of operating parameters suoh as 
temperature and pressure. Generally, at similar o leratlng pressures, the temp^ature of 
the first rea<^on region is lower than the temperati re of the second reaction region. 

In a prefened embodiment the reactor also comprises transportation means to 
transport the substantially solid reactants. it shou! 1 be noted that in the abovementioned 
embodiment, the first and/or second metal Is a< ded at the start of the process. It is 
obvious from the above that the first and/or secon 1 metal optionally can also be added in 
a later or earlier stage of the process, thereby rec uiring an optional addrtional inlet. Also, 
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means 



during start-up of the process, but also durinsi 
Boudouard-carbon and In a sulteble form, such as 
metdM»(ygen compounds to serve as the reducln j 
metal-oxygen compounds, thereby optionally 
the carbon. 

In a further embodiment according to the 
means to reintroduce at least part of gaseous 
Moreover, the reactor may also comprise 
substantially solid material resulting from the 
into the process. 

In a further embodiment these reactor regloria 
In separate reactors, enabling a more independent 
as temperature and pressure. 

In a further embodiment the reactor 
embodiment the reactor comprises a fumace 
comprising rotary hearth furnaces, rotary idin 
continuous batdi-type furnaces. 

In a preferred embodiment, the reactor has 
a substantially a)d»symmetrical shape. 

A specific embodiment of the present 
following non-limitative examples and described 
of which: 

Fig. 1 shows schematically a device accordinjg 
Rg. 2 shows schematically an 
invention. 

Pig. 3 shows schematically an embodimenl 
with separated reaction regions. 

In Fig. 1 the Invention is embodied in an 
compounds according wherein the apparatus 
metal-oxygen compounds, an inlet for the first 
the first and/or second metal Is added together 
which case the first and/or second metal inlet 
mixture comprising carbon-monoxide, heating 



reqiiinng 



invention, the reactor also comprises 
reaction products into the process, 
to reintroduce at least part of 
red^ictlon of the metal-oxygen compounds 



NR. 4^7 P. 1Q 
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the process, compounds similar to 
graphite powder» may be added to the 
agent In the reduction reaction of the 
one or more additional inlets for 



may be physically separated to occur 
diolce of operaQrtg parameters such 

Incluides a flutdised bed. In still a further 
chosen from the group of furnaces 
furnaces, shaft furnaces, cyclone furnaces, 

a substantially tubular, more preferably 

invention wOl now be explained by the 
With reference to the schematic drawing 

to the invention. 
embodin[ient of a device according to the 

of a device accorcSng to the invention 

apparatus for reducing metal-oxygen 
corjnprises a reactor 1, an inttf 2 for the 
and/or second metal (not shown, unless 
with the metal'OXygen compounds, In 
2 as well), an Inlet 3 for a gaseous 
m$ans to heat the different parts of the 



ii 
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reactor (not shown), an outlet 4 for the gaseous t sacfion products and an outlet 5 for the 
substantially solid material resulting from the redu( tlon of the metal-oicygen compounds. 

In Rg. 2 another embodiment of the invention is shown wherein the apparatus 
comprises a reactor 1, an inlet 2 for the metal-o:cygen compounds, an Inlet for the flist 
and/or second metal (not shown, unless the first and/or second metal is added together 
with the metekoxygen compounds, in which case the Ifrst and/or second metal inlet is 2 
as weH), an Inlet 3 for a gaseous mixture comprisii ig carbon-monoxide, heating or cooling 
means to heat or cool the different parts of the reactor (not shown), an outlet 4 for the 
gaseous reaction produds and an outlet 5 for ttie substantially solid material resulting 
from the reduction of the metal-oxyigen compounds, transportation means 6 to transport 
the sofld reactants. mean's 7 to reintroduce at l^ast part of gaseous leacbon products 
from outlet 4 into the process, and means 8 to rsintroduce at least part of substantially 
solid material resulting from the reduction of the m stal-oxygen compounds. 

In Fig. 3 another embodiment of the invsntion is shown wherein the reactor 
comprises a first reactor part 9 where the generalion of cartjon by the Boudouard mainly 
occurs, a second reactor part 10 where the reduction of the metaUxygen compounds 
mainly occurs, transport means 11 to transport tf e solid reactants fiom the first reactor 
part 9 to the second reactor part 10, transport mei ins 11 to transport the gaseous mixture 
comprising cartjon-monoxlde ftom the second rea« tor part 10 to the first reactor part 9. an 
inlet 2 for the metal-oxygen compounds, an Inlet for the flrei and/or Second metal (not 
shown, unless the first and/or second metal ts idded together with the metal-oxygen 
oompounds. In which e^se the first and/or second metal Inlet Is 2 as well), an inlet 3 for a 
gaseous mixture comprising carbon-monoxide, heating or cooling means to heat or cool 
the diiforent parts of the reactor (not shown), an outlet 4 for the gaseous reaction 
products and an ouHet 6 for the substantially solid material resulting from the reduction of 
the metai-oxygerr oompounds. This embodiment may also be equipped wHh means to 
reintroduce at least part of the gaseous reaction products from outlet4 into the process, 
and means to reintroduce at least part of the eubsl antiaRy solid material resulting ftom the 
reduction of the metal-oxygen compounds as a fif! t and/br second metal Into the process 
through the catalyst inlet, but these are not shown n Fig. 3. 

One or more optional inlets may be present in all three embodiments for the 
Introduction of compounds similar to Boudouard^ arbon and in a suitable form, such as 
graphite powder during start-up of the process and for during the process. 
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In a thermal gravlmetry analyser a homogeneoils mixture of iron oxfde as the metal- 
ox/gen compound, carbon as the redudng 2 gent for reducing the meta^oxygen 
l5 compound and iron as the first and second metal, 

chosen to be sufficient to enable a complete redijictlon of the iron oxide to metallic iron. 
The reduction in mass of the mixture fonms a direct Indication of the reduction of the 
metal-oxygen compound. In case of a complete r ^luction, a reduction of mass of about 
12-15% is to be ^(pected. These measurements showed that at temperatures b^een 
^0 650 and 850 ""C a complete reduction of the iron oxide was achieved when powder of 
crysialiihe carbon such as crystalline graphite, synthetic graphite, elektrographrte or 
Boudouard-carbon used. Powder coat actlvatsd carbon or powder coke proved to be 
less effective insofisff that the Iron oxide was not cr only partly reduced to Iron below 900 
°C. The activity of amorphous carbon for the reduction of the Iron oxide proved to be 
lower than the activity of crystalline carbon such a^ graphite, but higher than the activity of 
powder ooal. activated carbon or powder ooke. 



Example 2 

in a reactor, comprising a stainless steel tube and 



10 mounted as transportation means for solid reac ants. A mixture of iron oxide, carbon 
similar to Boudouard-carbon and in a suitable fomi, and iron powder as a first metal, was 
introduced In the tube and brought to a temperattjre of between 650 ''C and 850 X. The 
iron c^'de reduced to metallic iron quickly. 



Examples 

In a reactor according to Figure Z, wherein a stajihless 
extruder type screw was mounted as transportatic}h 
arrow indicates the transportation direction of Oie 
as the metal-oxygra compound and iron powder 
inlet 2 at one end of the tube and transported to 
screw 6. In counter flow, a hot gaseous mixtilre 
introduced into the reactor through inlet 3, else 
reactions In the reactor. The temperature of the 



a fumaoe, an extruder fype screw was 



steel tutie forms the reactor, an 
means 6 for the soDd reactants. The 
solid reactanfs. A mixture of iron oxide 
a first metal was introduced through 
other end of the tulse by the extruder 
comprising carbon monoxide was 
providing the heat for the reduction 
reaclants at the entry of the gaseous 



as 
tta 
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mbcture was about 900 °C and the temperature di : the exft of the gaseous mixture of the 
solid reactants was about 550 "C. M the cool end of the reactor, in the first reaction 
r^fon, Boudouard-carbon was formed from th^ 
reaction with the aid of the metallic iron which 



carbon monoxide by the Boudouard 
performs the rofe associated with a 
j5 catalyst The resulting carbon dioxide leaves the pjrocess through outlet 4 as a part of the 
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gaseous reaction products. The Boudouard-carbon 
was transported by the extruder screw to the se 
solM reactants. In said second reacb'on region the 
carbon resulting in metallic iron and a mixture of 
Part of the substantially solid Iron may be reintrod jced Into the process by means 8 as a 
fii^ metal through for example inlet 2 and part of the gaseous reaction products may be 
reintroduced by means 7 through for example Inlet 

It is of course to be underwood that the 
embodiments and examples described abovk 
embodiments within the scope of the claims and th 



precipitated on the solid reactants and. 
Mnd reaction region together with the 
iron oxide is reduced by the Boudouard 
carbon monoxide and carbon dloxlda 



3. 



^resent invention is not limited to the 
but encompasses any and ail 
& description. 
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{ CLAIMS 



6. 



Method for reducing metaV-oxyden 
reducing agent in a reduction reaction for 
characterised In that a fiiBt metal is Used to 



compdunds in which carbon is used as a 
reducing the metal-o^^gen compounds 
8[id the reduction reaction. 



Method according to claim 1 characterised 
formed from an intemiediate compound 
consisting of metalcarbides, metalhydrides 
the compound Is the first and 
oxygen. 



Method according to claim 1 or 2 characteised in that the carbon is amorphous 
carbon and/or crystellfne carbon, preferably graphite. 

Method according to claims 1, 2 or 3 charac|teri$ed in that the carbon is in the form 
of a powder. 



Method accordrng to any of the claim 1 to 4 
fs brought Into contact with the metak>xy^en 
carbon dio>dde are formed by the Boudouajrd 
with the aid of a second metal. 



MR. 417 P. n 
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n that at least part of the first metal is 
lakdn firom the group of compounds 
and metatnitrides wherein the metal In 
wherein the compound optionally comprises 



chamcterised In that carbon monoxide 
compounds and that caibon and 
reaction from the carbon monoxide 



Method according to claim 5 characterisec 
reducing the metal-*oxygen compounds the 
is mainly bound to the carbon which is 
Boudoudrd n^acUon. 



in that in the reduction, reaction for 
dxygen of the metal-oxygen compounds 
fonjned from the cartK>n monoxide by the 



[111 



Method according to dalm 6 characterised 
than 70%, more preferably more than 80%, 
the oxygen of the metal-oxygen compounds 
reaction for reducing the metal-oxygen compbunds 



that more than 50%, preferably more 
^ven more preferably more than 90% of 
Is bound to the carbon in the reduction 
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Method according to any of the claims 1 to 
the same as the second metal. 

Method according to any of the claims 1 to 
the second metal is the same as the metal m 



10. Method according to any of the claims 1 to E 
compounds are in the fomi of a powder. 

11. Method according to claim 10 characterisec 
are used in the form of a conglomerate, sucti 



J characterised in that the first metal is 



8 characterised in that the first and/or 
the metal-oxygen compounds. 

characterised in that the metal-oxygen 



12. Method according to any of the claims 1 to 
the second metal is in the forni of a powder. 



13. Method according to claim 12 characterised 
and/or second metal and metal-oxygen 
conglomerate, such as a pellet or ^nter. 



14. Method according to any of the claims 1 to 
reaction of the metal-oxygen compounds Is 
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in that the metal-oxygen compounds 
as a pellet or sinter. 



11 characterised In that the first and/or 



1n that a mixture of powders of the first 
compounds Is used in the form of a 



13 characterised In that the reduction 
deribrm^ In a continuous process. 



15. Method according to claim 14 characterised In that the metal-oxygen compounds 
are transported in one direction and In that ttie carbon monoxide is transported In 
counter flow. 

16. Method according to claim 14 or 15 criaracterised In that at least part of 
substantially soiM products of the reduct|oh reaction Is reintroduced Into the 
process. 



17. Method according to any of the claims 14 to 



16 characterised In that at least part of 



gaseous reaction products is reintroduced into the process. 
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18. Method according to any of the claims 5 tol 
where the Boudouard reaction is perfornred 
between 300 and 600 ""C. an even more preferably 



6 19, 



20. 



21. 



22. 



7 charactertsed in that the temperature 
is below eao'^C, more preferably 
between 450 and 550 ^C. 



Method according to any of the claims 1 
oxygen compounds comprise iron-oxygen 
iron-^hydrodde and/or iron-carbonate. 



:o 18 characterised in that (he metaf- 
dompounds, such as iron oxide and/or 



Method according to any of the claims 1 to 
and/or the second metal comprises iron. 



I characterised 



Method according to claim 19 or 20 
reduction of the metal-oxygen compounds is 
more preferably between 650 and 850 '*C, 
and 775 ''a 



Method according to any of the claims 1 to 
metal-oxygen compound(s) Is Copper, 
Palladium, Platinum or Iridium. 



[ 23. Method for reducing metaf-oxygen compour ds according to any of the claims 1 to 



22 characterised in that the metai-o^^en 
least two metal-o)^gen compounds, whe 
compounds are different and wherein the 
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19 characterised in that tiie first nrtefal 



in that the temperature where the 
performed is between 550 and QOO^'C. 
4nd even more preferably between 700 



* 8 characterised in tfiat the metal in the 
C obalt Nicl<Ol» Ruthenium. Rhodium. 



i^ompounds comprises a mixture of at 
ein the metals in the metal-oxygen 
inetals comprise Iron, Copper, Cobalt, 



Nidcd, Ruthenium, Rhodium, Palladium, Plel inum or Iridium. 



24. 



25. 



Method according to any of the claims 1 to 
reaction is p^lbrmed in a shaft fUmace^ sud i 



Method according to any of the claims 1 to 
reaction of the metal-oxygen compounds is 
hearth furnace, a rotary kiln furnace, a 
furnace, to produce directly reduced metal. 



23 characterised In that the reduction 
as a blastfurnace. 



2d characterised in that the reduction 
performed in a fiuidised bed, a rotary 
cycldne furnace, or a continuous batch-type 
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32. 



sa- 



le 



26. Method according to any of the claims 1 

oxygen compounds comprise irorvoxygen-bompounds 
reaction of the iron-oxygen compounds is p 
blast fiirnace, to produce iron. 



27. Method according to any of the claims 1 fo 21 characterised in that the metal- 
Q)(ygen compounds are Iron-oxygen-compounds and In that the reduction process 
of the fron-o)Q^en compounds is perfomrwid In a fluidised bed, a rotary hearth 
ftimaoe, a rotary kiln fiimace, a cyclone 
fUmaod, to produce directly reduced iron. 
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:o 21 characterised in that the metal- 
and m that the reduction 
srformed in a shaft fiimace^ such as d 



Method according to any of the preceding 
material comprising a metalDc part and a no|vrrietdltio 
substanfially solid material fs treated to 
metallic part such as gangue or slag. 



Method acconding to claim 28 characterised 
to redui^ its porosity. 



furnace, or a continuous l>atch-type 



claims to produce a substantially solid 
part characterised in that the 
separate the metallic part from a non- 



fn that the metallic part is compressed 



30. Method according to claims 28 or 29 characterised In that the metallic part; is rolled 
to form a slab, billet, bloom, rod, section or si rip. 

31. Method according to any of the claims 28 io 30 characterised in that the metallic 
part is extruded to form a profile, section or r )d. 



Method BCscording to any of the claims 28 io 31 characterised fn that the metallic 
part Is fonmed Into a near net shape product. 



Apparatus characterised in that it comprise^ 
o^gen compounds (2), an iniet for a fir$t 
comprising carbon-monoxide (3), optional 



a reactor (1), an inlet lor the metal- 
metal, an inlet for a gaseous mixture 
heating or cooling means to heat or cool 
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difFerent parts of the reactor, an outiet for thk 
ouUet for the substantially solid ntaterfai resu 



34. 



37. 



38. 



gaseous reaction products (4) and an 
^ng from the reduction reaction (5). 



Apparatus according to clalnn 33 for rei 
reduction reaction characterised In that the 
for generating carbon from the carbon 
second reaction region for reducing the mets 



djudng metak>xygen compounds in a 
reactor compHses a first reaction region 
monpxide by the Boudouard reaction and a 
-oxygen compounds. 



35. Apparatus aotiordlhg to dalm 33 or 34 
comprises transportation means (6) to trans 



36* Apparatus according to any of the claims 
comprises means (7) to reintroduce at least 
the process. 



y^paratus according to any of the claims 
comprises means (8) to reintroduce at 
resulting from the reduction reaction Into the 



characteHsed in that the reactor also 
ort the solid reactants. 



33 to 35 characterised m that rt also 
part of gaseous reaction products into 



33 to 36 characterised in that it also 
Ie$st part of substantially solid material 
brocess. 



Apparatus for reducing metal-o^^gen oompc unds characterised fn that tt comprises 
a lector which comprises a first reactor part (9) where the generation of carbon 
from the carbon monodde by the Boudouard reaction mainly occurs, a second 
reactor part (10) where the reduction of the metal-oxygen compounds mainly 
occurs, transport means (11) to transport th e solid reactants from the finst reactor 
part (9) to the second reactor part (10), iransport means (11) to transport ttie 
gaseous mixture comprising carbon-monoxi<le from the second reactor part (10) to 
the first reactor part (9), an inlet (2) for the r tetahoxygen compounds, an inlet for a 
first and/or second metal, an inlet (3) for u gaseous mbdure comprising carbon- 
monoxide, heating or cooling means to h ^t or cool the diffisrent parts of the 
reactor, an outlet (4) for the gaseous reaction products and an outl&t (5) for the 
substantially solid material resulting from 
optionally means to reintroduce at least part 



outlet (4) into the process through inlet (3), a id also optionally means to reintroduce 



the second reduction reaction and 
of the gaseous reaction products from 
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at least part of substantially solid material r^^ulb'ng from the reduction of the metal- 
o^gen compounds into the process. 



39. 



40. 



Apparatus according to any of the claims 32 
includes a fluidised bed. 



Apparatus according to any of the claims 3£ 
oomprlses a furnace chosen from the grou > 
furnaces, rotacy kiln furnaces, shaft fUrnacqs, 
typefumaces. 



41. Apparatus according to claim 33 to 40 
substantially tubular, preferably substantially 
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to 38 characterised in that the reactor 



to 39 charaoterised in that the reactor 
of fUmaces comprising rotary hearth 
cyclone furnaces, continuous baU^ 



characterised In that the reactor is 
a>d-aymmetrical. 
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ABSTRACT 

The present Invention relates to a method for reducing 
reduction reaciiion In which carbon is used as d 
oxygen conrpounds. The invention is characterise 
reduction reaction. The invention also relates to 
compounds according to a method in which 
reducing the metal-oxygen compounds and wherein 
reduction reaction. 



metal-oxygen compounds In a 
leducing agent for reducing the metal- 
In that a first metal is used to aid the 
apparatus for reduang metal-oxygen 
is used as a reducing agent for 
a first metal is used to aid the 
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